Well-aligned and randomly grown multiwall nanotubes (MWNTs) fabricated by the radio-field-induced self-bias hot-filament chemical vapour deposition method demonstrate that the growth mechanisms are either 'tip growth' or 'base growth' depending on the size of the catalyst metal particles involved. The carbon nanotubes (CNTs) can also be successfully grown on iron-like bulk alloys when preceded by hydrogen plasma etching. The high yield of CNT fabricated on oxidized metal alloys is attributed to the high active surface area that ensues from etching. The change in field emission currents of MWNTs with temperature is not sensitive but is detectable within the range 300-20 K. This is interpreted to be due to the high aspect ratio of CNTs.
Introduction
The main aim in the development of field emission displays (FED) is to fabricate effective cold cathodes that provide intense electron emission at room temperature. The carbon nanotube (CNT), a new stable form of carbon, consists of one or several bundled graphitic tubes [1] . Due to its unique geometry and electronic properties, the CNT has attracted substantial attention as an electron field emission source [2, 3] . The growth of aligned CNTs onto a patterned substrate might become the norm when CNTs are applied in advanced technologies. CNTs grown from catalysts by chemical vapour deposition (CVD) allows us to experimentally design patterned structures.
The growth mechanisms of CNTs by CVD reported in [4] [5] [6] [7] [8] , demonstrate the important effect of the size of the catalyst nanoparticles on production quality and quantity of CNTs. The size of the catalyst nanoparticles deposited on substrates has a deterministic effect on the production of single wall nanotubes (SWNTs). The arc discharge method [9] has the advantages of mass production and inexpensive installation, although the purification process is laborious due to a large number of by-products. Laser ablation [10, 11] is a method of production of high quality CNTs, which has a low yield and involves expensive equipment. However, in 4 Author to whom any correspondence should be addressed.
the radio-frequency hot-filament chemical vapour deposition (RFHFCVD) system, the reactant gases are first dissociated by the microwave field before entering the chamber, thus, ensuring that there is a dense growth of CNTs from a large Ni catalyst particle (∼1 µm). This elicits skepticism about the growth of SWNT by arc-discharge or laser ablation methods. We also demonstrate that CNT films of large area, which are well-aligned, homogeneous and carpet-like can be successfully fabricated by this method, and it clearly illustrates the 'tip growth' and 'base growth' features. Temperature dependent field emission experiments for aligned multiwall carbon nanotubes (MWNTs) were also studied.
Experiments
In this study, a thin nickel film, or an alloy film composed of nickel and iron with a weight ratio of 1/1, employed as the catalyst, was vacuum deposited on p-type 1-10 cm silicon substrates (without removing the native oxide layer). The thickness of the metal films was about 20-30 nm. Prior to CNT growth, the nickel film was oxidized at 1000˚C for 30 min in air to segregate into nanometre grains. The substrate was then transferred to a MW/RF assisted HFCVD chamber as shown in figure 1 . The base pressure of the chamber was 10 −3 Torr; methane (CH 4 ) and hydrogen (H 2 ) gas were used as the carbon source and diluted gas, respectively. As working pressure had been stabilized, the megawatt power for pre-ionization was turned on. Before growth, the filament was carbonized for 1 h at a temperature of 1700˚C with the inlet of hydrogen gas at 80 sccm and CH 4 at 40 sccm, with a total pressure of 3 Torr. The gases are terminated and the chamber is evacuated to complete the carbonization. The substrates are located underneath the filament at a height of 3 cm. The CNT growth starts at a substrate temperature of 750˚C (filament at 1550˚C) and when the flow rate of CH 4 gas was increased to 60 sccm. A self-bias of −150 to −300 V induced by the RF plasma is crucial to grow aligned MWNTs perpendicular to the substrate surface. The time taken for growth was 30 min after the filament temperature had stabilized. For growth times longer than 30 min, the poisoning of the catalyst is serious.
The microstructure of the fabricated films was examined using a scanning electron microscope (SEM). The field emission properties of films were measured by a vacuum diode technique (under a pressure of 10 −6 Torr) in which the film was separated from the anode, which is an indium-tin oxidecoated glass, by a 50 µm Teflon spacer. To study the effect of temperature on the field emission, the sample was mounted on the cooling head of a helium closed-cycle refrigerator. Typical measurements were made as the sample cooled from room temperature to 20 K, at a constant applied electric field.
Experimental results and discussion
Typical SEM images of CNT films are shown in figure 2. As seen in figure 2(a), the CNTs are vertically aligned to the substrate with a uniform distribution. A large scale scanning, the whole area implicates like a carpet as shown in figure 2(b). The diameter of the CNTs is about 30-70 nm with a height of 8-9 µm. The film contains some carbonaceous nanoparticles deposited on top of the tubes.
Different hypotheses have been proposed to elucidate the mechanism leading to well-aligned CNTs such as the Van der Waals force or steric hindrance between closely packed nanotubes, or bias-induced alignment. In our study, bias plays ) show the SEM morphologies of CNT grown, respectively, with and without the assistance of self-bias induced by RF plasma. It has been completely verified that well-aligned CNTs are intimately associated with self-bias. It also provides a clue to the result of Bower et al [12] , in which the alignment is primarily induced by the electrical field imposed on the substrate surface from the plasma environment. This result suggests that the tube tip is charged and tends to align in the field direction [13, 14] . Figure 4 shows the SEM images of the CNT growth catalysed by NiFe alloys that are subjected to different pretreatments. Figures 4(a) and (b) show the results for NiFe grown, respectively, without pretreatment and with annealing of catalyst, in air at 1000˚C for 30 min to form NiFeO x . From an inspection of the growth results we conclude that the oxide iron group alloys like Ni/NiO x , CuNi/CuNiO x , AgNi/AgNiO x are essential to yield successful growth of CNTs. However, Fonseca et al [15] speculated that the oxygen might have a positive effect on the surface properties of the metal particles and hinders their agglomeration. Also, Baker et al [16] reported that iron oxide is much more active than iron. The reason for the extremely high yield of CNT when catalysed by metal oxide may be attributed to the defect structure of the compound implicating that metal oxides may enlarge the surface catalysing area. Figure 5 shows a typical Raman spectrum of MWNTs indicating two characteristic peaks. The G-line peak at 1580 cm −1 corresponds to the high-frequency, Raman-active, E 2g mode of graphite. The strong and broad D-line at 1350 cm −1 and a weak D -band at around 1621 cm −1 were attributed to disorder-induced carbon features arising from finite particle size effect or lattice distortion [17] [18] [19] . Another possible origin of the D-line could be the defects in the curved graphite sheets, tube ends, and finite size crystalline domains of the tubes [20] . Figure 6 shows the SEM images of the CNT sample at different local points with the corresponding micro-Raman spectrum specified in figure 7 . The films contain many curled CNTs as shown in figure 6 (a), while figure 6(b) shows the standard graphite nanoparticles and amorphous carbon. The corresponding micro-Raman spectrum are shown in figure 7 , labelled as HF1113-NiFe-wb and HF1113-NiFe-B, respectively. The observed G-line (at 1580 cm −1 ) illustrates that these two zones contain graphite sheet structures, while CNT nanoparticles or curled structures reveal the characteristic peak at 1350 cm −1 resulting from the breakdown of translational and point lattice symmetries at the edge plane. In the HF1113-NiFe-wb spectrum, the G-line shifts to a higher frequency from 1580 cm −1 due to the existence of sp 2 short-range order in the tubes [21] . The D-line intensity being stronger than that of the G-line is interpreted as being due to the finite size (nanometre order) of the crystalline domains or defects. Evidence from the micro-Raman spectra makes us conclude that the frequency shift of the G-line and the stronger D-line intensity in HF1113-NiFe-wb is caused by defects in the tube, which are also seen using SEM, which shows that the wall of curled tubes contain many defects like pentagons. In the HF1113-NiFe-B spectrum, the characteristic peaks are similar to that of disordered graphite. The decrease in the ratio of the intensities of the D-line and the G-line (I D /I G ) is attributed to the large amounts of amorphous carbon particles present. From the above discussions, the presence of the G-line with a small bump at the high energy side (1620 cm −1 ) proves that the sample consists of MWNTs as seen in the data in [21, 22] .
The SEM morphology as shown in figure 8(a) shows that the diameter of carbon tubules is about 26 nm with an average distance between tubes of 51 nm. The bright spheres at the ends of the tube have about the same diameter as the tube. The morphology of figure 8(b) is the same as figure 8(a) in which the tube is filled with catalysts. Based on the observation of CNT growth, the 'tip growth' mechanism [23] [24] [25] of CNT is proposed. Carbon atoms are decomposed from CH 4 by the hot filament on the catalytic Ni surface, through diffusion, segregation and precipitation of the carbon atoms in the Ni layer. Carbon atoms form the graphite tube end and finally the small Ni nanoparticles are lifted off from the surface. In some cases, metal nanoparticles are sucked into tubules by the capillary effect resulting from the lowering of the melting point of small-size particles compared to that of the bulk states [26] . Tip growth of CNTs continues after the formation of metallic nanoparticles.
The photomicrograph in figure 9 shows a large particle, with an average size of about 0.7 µm, with many whiskers. It is a sea-urchin-like structure and is similar to the structure of SWNTs produced by arc-discharge or laser ablation methods, which can be explained by the vapour-liquid-solid (VLS) growth mechanism of CNTs [27] [28] [29] . These nanoparticles embodied in the VLS growth model originate from plasma/vapour condensation in the moderate temperature zone of the arc discharge or laser ablation chamber. However, the nanoparticle is still in the solid state or even in the molten state at this operating temperature. It is obvious that the VLS model cannot be completely justified in our case. The formation of the structure by CVD can be explained by a heterogeneous catalytic reaction. A hypothetical growth process of CNTs from a large core particle is given by the solid-liquid-solid mechanism by Gorbunov [6] for producing SWNTs.
We also prepared several substrates made of alloys, such as Cu-Fe (80 : 20 wt%), Cu-Co (80 : 20 wt%), Cu-Ni (80 : 20 wt%) and Cu-FeCoNi (70 : 10 : 10 : 10 wt%) ingots, by vacuum furnace melting, which are cut into pieces of dimension 10×5×0.5 mm 3 . These bulk substrates in replacing film types provide practical uses in forming electrodes of spark cutting. An intelligent process can be embarked to start the successful CNT growth. The iron-like metals form nanosize metallic particles after hydrogen (H 2 ) plasma etching. The SEM image in figure 10(a) shows nanoparticles of about 200 nm in size after hydrogen etching for 30 min, proving that hydrogen plasma etching at high temperature reduces the surface energy. The CNT films can successfully grow on bulk alloys, as shown in figure 10(b) , where, in a precursor, the substrates are hydrogen plasma (with H 2 pressure of 600 mTorr and substrate temperature of 950˚C) etched for 5 min and then grown in a CH 4 environment for 5 min. The iron-like metallic nanoparticles are lifted up by the CNTs. This clearly shows that the particle sizes vary randomly with an average size of 70 nm, which is similar to the diameter of the CNTs.
In this premature hypothesis, depending on the size of the metal particles involved, there are two distinct situations when there is catalytic growth of CNTs. When the metal particle diameter is larger than the tube diameter (∼100 nm), the precipitation of a larger number of CNTs from a single metal particle surface is observed. Another possibility is that metal particles of the same size as, or smaller than, the tube diameter prevent the tube closing at the end and move up with the growth.
To study the effect of temperature on field emission, the emission current was measured in cycles of cooling down and warming up. The theoretical simulation of the dependence of current density on electric fields by the Fower-Nordhaman (FN) equation and by the semiconductor thermionic (ST) equation [30] at 300 K is depicted in figure 11 . The FN equation is derived for electron field emission from metal surfaces at high fields and low temperatures; this is almost independent of temperature and cannot yield a correct fit to the experimental curve. The inset in figure 11 is a logarithmic scale of the y-axis at various temperatures. The curves illustrate that the emission currents are insensitive but detectable to be dependent on temperatures. This behaviour is quite different from the temperature dependence of the FE characteristic of diamond films or diamond-like (DLC) films [30] [31] [32] , because structure and strong field emission on the sharp tip of CNTs is different from that of a flat emitter. It is suggested that the dominant contribution to field emission comes from the semiconducting amorphous carbon at the sharp tip of CNTs, which have a high aspect ratio. Though CNTs have high aspect ratios (h/r, where r is the average radius and h is the height of the tubes), the screening effect of neighbouring CNTs effectively reduce the real aspect ratio. The field enhancement factor or the aspect ratio β = 207, as established from the experimental fitting data of the ST emission theory [30, 31] , which is much smaller than the theoretical estimate β ≈ 400 for r ≈ 20 nm and h ≈ 8 µm. The field emission currents are attributed to thermal electrons that escape over the Schottky barrier height at the interface of metallic carbon MWNTs and the semiconducting amorphous carbon caps on the tube end and then tunnel into the vacuum.
Conclusions
In this study, the well-aligned and randomly grown MWNTs were fabricated in a home-made MW/RF assisted HFCVD chamber, and the experimental results illustrated that the growth of MWNTs can be modelled either as 'tip growth' or 'base growth' depending on the size of the catalytic particles involved. The properties of the MWNTs were studied using Raman spectroscopy and showed a typical MWNT characteristic spectrum. A high yield of CNT growth is obtained when oxidized metal alloys are used. It is suggested that the larger surface area due to oxidization caused a proliferation in the nucleation sites for CNT growth. We also observed that the change in field emission currents in multiwalled nanotubes (MWNTs) is not sensitive to but detectable to temperature variation within the range of 300-20 K embodied in the high aspect ratio of CNTs.
